The effects of luteolin on phenoloxidase (PO) from Spodoptera exigua larvae were investigated with the use of a microtitration assay in the present paper. The results showed that luteolin could inhibit the activity of PO and the concentration of this inhibitor that led to a 50% (IC 50 ) activity reduction was estimated to be 0.47 mmol/l. The inhibitory kinetics were analyzed by LineweaverBurk plots and the compound was found to be a reversible competitive inhibitor with a K i of 13.11 mmol/l. The compound was obviously toxic against the larvae (Յ3rd instar) of Spodoptera exigua. The highest inhibitory percentage in the older larvae (Ն3rd instar) was greater than 60% with luteolin treatment. The pupation rate and percentage of eclosion was also evidently reduced with luteolin treatment by the ingestion method in this investigation.
Introduction
Flavonoids, which are a specific type of phenolic compound, are distributed extensively throughout the plant kingdom. The basic chemical structure of the flavonoids contain 15 carbon atoms that comprise two aromatic rings combined with three carbon atoms in addition to O-alkyl and its secondary consubstituents. Luteolin (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4-chromenone) is a representative and naturally occurring flavone that belongs to a subgroup of tetrahydroxy flavonoids. 1) Luteolin has been extensively investigated and studies have indicated that this compound has some medical efficacy as an expectorant and cough suppressant, as well as exhibiting anti-inflammatory effects in clinical applications. [2] [3] [4] [5] However, the effects of luteolin on insects have not been reported to date. Phenoloxidase (PO, EC.1.14.18.1), which is also known as tyrosinase, plays an important role in various developmental processes of insects, [6] [7] [8] such as cuticular tanning, scleration, wound healing, and the formation of nodules that defend the insect from foreign pathogens. It is logical to regard PO as a target for new insecticides with novel modes of action. [5] [6] Therefore, the effect and mechanism of luteolin on PO activity in Spodoptera exigua larvae using L-DOPA ((2S)-2-amino-3-(3,4-dihydroxyphenyl) propanoic acid) as a substrate were investigated. The mode of action of luteolin and the intensity of its effects on the test larvae were also assessed in this paper.
Materials and Methods

Insects
The larvae of Spodoptera exigua (Hübner) were reared and gathered for the experiment.
9)
Enzyme purification
The 5th instar tested larvae were homogenized in a 5-fold weight of ice-cold 0.02 mmol/l sodium phosphate buffer (pH 6.50). The homogenate was filtered through gauze and centrifuged at 8000 rpm (CR22, Japan) for 30 min at 4ºC. The supernatant under the fat layer was collected as the crude enzyme extract, and this was brought to a saturation of 40% with solid ammonium sulfate and chilled in an ice-bath for 20 min. The resulting precipitate was collected by centrifugation at 8000 rpm for 30 min at 4ºC and dialyzed against the same phosphate buffer until the sulfate ions were not detected. The dialyzed solution was gel-filtered through a Sephadex G-100 column that was equilibrated with the same buffer. The fractions with high enzymatic activities were collected and used as partially purified PO.
10)
Enzyme assays
PO catalyzes the reaction between a phenolic compound and oxygen. This report assayed the activity of PO in air-saturated solutions so that the oxygen content was not a limiting factor. The enzymatic activity of PO was assayed with the microtitration assay method. 11) A 200 ml aliquot of the sample, which included the final concentration of 0.10 mmol/l phosphate buffer (pH 6.50) and 1.00 mmol/l L-DOPA, was incubated at 30ºC for 10 min. Then 10 ml of the aqueous PO solution was added and the linear increase was measured immediately with a microplate reader (Multiskan MK3) at a wavelength of 400 nm. One unit (U) of PO activity was expressed as a 0.001 change in absorbance per min per mg protein.
Effect of luteolin on PO
To examine the effect of luteolin on PO in vitro, the phenolase assay system was used as above but with different concentrations of luteolin dissolved firstly in a small amount of dimethyl sulfox-ide (DMSO). The relative enzyme activity was calculated and compared to normal control larvae. The extent of inhibition was expressed as the percentage necessary to inhibit 50% of PO activity (IC 50 ).
The type and constant of inhibition of PO activity by luteolin
For kinetic analyses, the inhibitor concentration was held fixed and the substrate concentrations were varied in the enzyme assay system for the determination of the initial reaction rate. The inhibition type was analyzed by Lineweaver-Burk plots, and the inhibition constant was determined by plotting the apparent Michaelis-Menten constant versus the inhibitor concentration.
Determination of feeding toxicity
To explore the effect of luteolin on PO in vivo, flakes of an artificial diet were dipped into a series of concentrations of luteolin solution for 20 s and then placed in larva-rearing tubes after the excess liquid was absorbed using absorbent paper. Acetone was used as the control. The larvae (Յ3rd instar) were placed in larvae-rearing tubes with diets containing luteolin at various concentrations. Each replication had 20 larvae and three replications formed one treatment. 48 h later, the activities of PO were measured. The insect mortality was recorded until the tested larvae began to pupate in the control group. The virulence regression equation and the LC 50 were calculated through statistical analysis by DPS software.
Effect of luteolin on the growth and development of Spodoptera exigua
The 3rd instar larvae of Spodoptera exigua were pre-weighed and placed into larvae-rearing tubes with diets that contained different concentrations of luteolin. The insects were weighed again at 24 h and 48 h after treatment to calculate the inhibition percentage, and observation of the larvae continued in order to calculate the pupation and eclosion rates.
Inhibition rates (%)ϭ[(weight gain in the control group Ϫweight gain in the treated group) /(weight gain in the treated group)]ϫ100
Results
Effect of luteolin on phenoloxidase
The relationship between the relative enzymatic activity and the concentrations of luteolin is shown in Fig. 1 . The relative enzymatic activity decreased in proportion with increasing concentrations of the inhibitor. At an inhibitor concentration of 0.15 mmol/l, the activity of the enzyme was 67.21% of the maximum, while at an inhibitor concentration of 0.45 mmol/l, the remaining activity decreased to 45.34%. The IC 50 of luteolin for Spodoptera exigua PO activity was estimated to be 0.47 mmol/l. The relationship between PO activity and enzyme concentrations in the presence of different inhibitor concentrations was also studied (Fig. 2) , yielding straight lines that passed through the origin, and higher inhibitor concentrations were associated with decreased gradients of the slopes, demonstrating that the inhibition of PO by luteolin was reversible.
The effect of luteolin on PO in vivo was assayed (Fig. 3) . With increasing concentrations of inhibitor, the relative enzymatic activity decreased, indicating that luteolin inhibits the activity of PO in Spodoptera exigua larvae.
Determination of type and constant of inhibition of PO activity by luteolin
The kinetic behavior of PO was studied in terms of its oxidation of L-DOPA, which was shown to follow Michaelis-Menten kinetics (Fig. 4) . The assay was carried out in air-saturated aqueous solutions as indicated above, so the K m and V m values obtained did not take the effect of oxygen concentration into account. In this system, increasing the inhibitor concentration yielded data lines with common intercepts on the 1/v axis but with different slopes, which indicated that the inhibitor did not change the apparent maximum velocity (V mapp ) of the PO activity but did change the apparent Michaelis-Menten constant (K mapp ). These results indicate that luteolin is a competitive inhibitor. As changes in the luteolin concentration did not alter the V mapp and increasing substrate concentrations decreased the inhibitory effect, it is likely that the inhibitor and the enzyme competed for the substrate. The increase in K mapp with increased inhibitor concentration demonstrated that the affinity of PO for its substrate was weakened, and luteolin could affect the interaction between the enzyme and the substrate. The linear plot of K mapp versus the concentration of luteolin (Fig. 4 inset) was used to estimate the equilibrium constant for inhibitor binding to the free enzyme (K i ), which was estimated to be 13.11 mmol/l.
Determination of feeding toxicity
The insect mortality and the toxicity analysis were recorded as shown as in Table 1 and Table 2 . The results indicate that luteolin could possess toxicity to the larvae (Յ3rd instar). The higher mortality of test larvae given with the same concentration of luteolin was associated with a longer period of treatment. The mortality of test larvae given an luteolin concentration of 2 g/l were 15.76%, 26.29%, 33.75% and 42.64% at 5 d, 7 d, 9 d and 11 d, respectively. Meanwhile, the higher mortality was also related with higher concentrations of luteolin. At day 11, the mortality of test larvae given luteolin concentrations of 4 g/l, 8 g/l and 16 g/l was 61.04%, 77.65% and 90.48%, respectively (Table 1) .
Effect of luteolin on the growth and development of Spodoptera exigua
The results showed that luteolin could inhibit the growth and development of the larvae (3rd instar). The inhibitory effect increased with increasing concentrations of luteolin: at 48h, the inhibitions of weight gain from the tests were 49.63% and 56.28% after luteolin concentrations of 4 g/l and 8 g/l were given, respectively (Table 3) . Luteolin had an inhibitory effect on the pupation or eclosion of the insect larvae (Table 4 ). In the treatment groups, the rates of both pupation and eclosion were evidently decreased compared with the control group. Luteolin at higher concentrations could Vol. 35 also significantly affect the pupal weight. The average pupal weights after luteolin concentrations of 0.4 g/l and 0.8 g/l were given were 0.0798 g and 0.0743 g per pupa, which were lower values than the 0.1054 g weight gain per pupa found in the control group (Table 4) .
Discussion
The inhibition of flavonoids by a number of enzymes is based on the reaction of polyphenols with proteins. Flavonoids belong to the family of polyphenolic compounds and contain some phenolic hydroxyl groups. 12) Judging from its molecular structure, luteolin can easily oxidize o-phenolic hydroxyl in the same manner as the o-phenolic hydroxyl of the substrate L-DOPA. The inhibition of PO by luteolin was reversible and competitive, which is likely to be related to the structural homology between the inhibitor and the substrate. PO is comprised of several subunits, and each of these contains two binuclear copper ions. Each copper ion combines with two smooth and one straight histidine ligand, and one O-O bond unites the two copper ions at each active site.
13) The luteolin ophenolic hydroxyl can form a stable complex with copper, iron, and other metal ions, through its oxygen anion. 14) Siegbabn found that phenols substrates could bind the active site copper ion noncovalently in the oxidation reaction cycle catalysed by PO, which is then oxidized to generate quinones through transferring electrons from the substrate to the copper center that is bound by the O-O bond. 15) Cyclic voltammetry and in situ UV-Vis spectroelectrochemical methods were used to investigate the electro-oxidation processes of luteolin. The results showed that o-quinones from 3Ј, 4Ј-o-dihydroxy are the stable oxidation products of the activity of PO.
14) The inhibition of PO by luteolin was reversible and competitive, which may indicate that the inhibitor and the substrate compete against each other to react with the copper molecules at the active site of the enzyme. However, the full elucidation of this interaction awaits further work. Inhibition of PO activity can disturb the growth of an insect, which is one of the potential biological ways to develop a novel candidate insecticide. 16) This study indicated that luteolin has a negative impact on PO activity and the growth or development of Spodoptera exigua larvae. Journal of Pesticide Science 
